Photoionization of dicyanoacetylene was studied using synchrotron radiation over the excitation range 8-25 eV, with photoelectron-photoion coincidence techniques. The absolute ionization crosssection and detailed spectroscopic aspects of the parent ion were recorded. The adiabatic ionization energy of dicyanoacetylene was measured as 11.80 ± 0.01 eV. A detailed analysis of the cation spectroscopy involves new aspects and new assignments of the vibrational components to excitation of the quasi-degenerate A + . The appearance energies of the fragment ions C 4 N + , C 3 N + , C 4 + , C 2 N + , and C 2 + were measured and their heats of formation were determined and compared with existing literature values. Thermochemical calculations of the appearance potentials of these and other weaker ions were used to infer aspects of dissociative ionization pathways.
Photoionization of dicyanoacetylene was studied using synchrotron radiation over the excitation range 8-25 eV, with photoelectron-photoion coincidence techniques. The absolute ionization crosssection and detailed spectroscopic aspects of the parent ion were recorded. The adiabatic ionization energy of dicyanoacetylene was measured as 11.80 ± 0.01 eV. A detailed analysis of the cation spectroscopy involves new aspects and new assignments of the vibrational components to excitation of the quasi-degenerate A 
I. INTRODUCTION
Dicyanoacetylene, C 4 N 2 , first synthesized in the early 1900s, 1 is a useful reagent for cycloaddition reactions and in the synthesis of organometallic compounds. 2 It is a particularly interesting chemical species in that it has three conjugated triple bonds (Scheme 1(a)), the central bond being a C≡C triple bond. It thus differs markedly from the related species Diacetylene, C 4 H 2 , which has two conjugated triple bonds (Scheme 1(b)), and a central C-C single bond.
We have previously studied aspects of the ionization photophysics and Rydberg spectroscopy of diacetylene, 3 a molecule, like dicyanoacetylene, that has considerable astrophysical interest. The presence of a centre of symmetry in linear dicyanoacetylene prevents the observation of this molecule in the interstellar medium (ISM) by rotational microwave spectroscopy. However, similar asymmetric molecules such as cyanoacetylene and cyanodiacetylene have been observed in dark clouds [4] [5] [6] [7] in the ISM, as well as in hot circumstellar environments such as CRL 618 8, 9 making it reasonable to postulate the presence of C 4 N 2 in the these astrophysical sites. Space Observatory would be the strong 107 cm −1 infrared vibrational band of gas phase dicyanoacetylene. 10, 11 An attempt to match the C 4 N 2 + cation A 2 g ← X 2 u transition origin band with a diffuse interstellar band was unsuccessful. 12 The atmosphere of Titan is mainly N 2 gas. The nitrogen atoms formed by various dissociation processes react with other ambient gases (e.g., CH 4 ) to synthesize a large number of hydrocarbons and nitriles. 13 Solid dicyanoacetylene has been detected in Titan's atmosphere by infrared spectroscopy (Voyager 1 IRIS spectra).
14 As the seasons change on Titan, the compound condenses and evaporates in a cycle, which allows scientists on Earth to study Titanian meteorology. Dicyanoacetylene, although not yet directly observed in the gas phase in Titan, undoubtedly exists in this phase during the evaporation stage. Complex nitrogen-bearing molecules are precursors for the production of aerosol particles, of radii 0.02-0.1 μm, 15 that are responsible for Titan's atmospheric haze. The haze structure in Titan's atmosphere is induced by a number of photochemical processes from various energy sources: solar irradiation, energetic particles existing in Saturn's magnetosphere, and galactic cosmic rays. These are capable not only of chemistry involving neutral species but also ionization processes. Thus it is of interest to investigate the VUV photophysics and photochemistry of dicyanoacetylene. C 4 N 2 was included in modelling of the photochemistry of Titan's mutually dependent atmosphere and ionosphere. 13 The stratospheric abundance of C 4 N 2 was found to be highly dependent on cosmic ray dissociation of nitrogen. Alternative mechanisms for the formation of dicyanoacetylene have been proposed by Yung, 16 by Petrie and Osamura 17 and by Halpern et al. 18 but the relevant processes have been estimated to be only of minor importance in the overall C 4 N 2 production yield in the model calculations of Lavas et al., 19 although the CN addition mechanism of Halpern et al., 17 in particular is considered to play a non-negligible role. 20 We note that in its flyby on 16 April 2005 the Ion and Neutral Mass Spectrometer (INMS) on board the Cassini Spacecraft recorded an ion of m/z 76 at an atmosphere altitude 1100 ± 100 km. 21 This was assigned as being essentially due to HC 5 NH + on the basis of proton affinity properties; a possible (partial) assignment to C 4 N 2 + could not be given because of quasi-technical difficulties.
Experimental 22 and theoretical 23 studies on dicyanoacetylene anions have been carried out in the context of the increasing studies of molecular anions in the ISM 24 as well as in Titan's upper atmosphere. 25, 26 Finally, we mention that a (tentative) assignment to C 4 N 2 in the atmosphere of Neptune, has been reported, based on the infrared spectral measurements of Voyager 2 during its encounter on 2 August 1989.
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II. EXPERIMENTAL
Dicyanoacetylene was synthesized following the procedure described initially by Moureu and Bongrand 1, 28 that was later modified by Miller and Lemmon. 29 It is a solid compound at ambient temperature (T amb ). In order to avoid its polymerisation, it must be stored at low pressure and/or diluted with a rare gas at T amb . For our measurements, the gas is let into a one litre stainless steel tank to attain a pressure p(C 4 N 2 ) = 50 mbar. Helium is added to yield a total pressure of p TOT ≈ 3 bars. This tank is directly connected to a molecular beam inlet using a pressure reducing regulator. The He stagnation pressure was such that no van-der-Waals aggregates were formed in the molecular beam. This was checked with the mass spectrometer.
Measurements were performed at the undulator beamline DESIRS 30 of the synchrotron radiation (SR) facility Soleil (St. Aubin, France). This beamline incorporates a 6.65 m normal incidence monochromator. For our measurements, we used the 200 grooves/mm grating which provides a constant linear dispersion of 7.2 Å/mm at the exit slit of the monochromator. The typical slit width used in our experiments is 100 μm, yielding a monochromator resolution of 0.7 Å under these conditions (about 6 meV at hν = 10 eV and 18 meV at hν = 18 eV). The beamline is equipped with a gas filter 31 which effectively removes all the high harmonics generated by the undulator that could be transmitted by the grating. In this work argon was used as a filter gas for all measurements below 15.75 eV. At higher energies, the filter is turned off.
Absorption lines of the rare gas used in the filter occur in the spectra and are used to calibrate the energy scale to an absolute precision of about 1 meV. All the data were normalized with respect to the incoming photon flux, continuously measured by a photodiode (AXUV100, IRD).
The VUV output of this monochromator is directed to the permanent end station SAPHIRS which consists of a molecular beam inlet and an electron-ion coincidence spectrometer called DELICIOUS II. The latter has been described recently in detail. 32 A brief description is given here: The monochromatised SR beam (200 μm horizontal × 100 μm vertical extensions) is crossed at a right angle with the molecular beam at the centre of DELICOUS II which combines a photoelectron velocity map imaging (VMI) spectrometer with a linear time-of-flight mass analyzer operating according to WileyMacLaren space focusing conditions. The spectrometer is capable of photoelectron/photoion coincidence (PEPICO) measurements where photoelectron images can be recorded for a chosen ion mass. The electron images can be treated to obtain the threshold photoelectron spectroscopy of the selected cation, and reveal its electronic structure via the Slow Photoelectron Spectroscopy (SPES) method, which has been described in Refs. 33 and 34 and will also be explained in Sec. IV B. In addition, total ion yields (TIY) as a function of photon energy can be acquired where the spectral resolution is defined only by the slit widths of the monochromator (see above).
For half of the experimental campaign, C 4 N 2 was further mixed with propane (C 3 H 8 ) as a standard at equal pressure p(C 4 N 2 ) = p(C 3 H 8 ) = 50 mbar, in order to measure absolute ionization cross-sections according to the comparative method described by Cool et al. 35 and using the crosssection data given by Kameta et al. 36 Also here, helium was added to yield a total pressure of p TOT = 3 bar. The pressure was measured with a Baratron (MKS). The absolute error of this pressure transducer is estimated to be about ±3%. The relative yield of m/z 76 (C 4 N 2 + ) as compared to m/z 44 (propane C 3 H 8 + ) has been further multiplied by a factor of 1.356 in order to take into account the convoluted mass transmission function of SAPHIRS and DELICOUS II, calibrated with known gases with mass ranges between m/z 18 and 142. For absolute measurements, the extraction field was set so that all the electrons and ions were collected.
III. ELECTRONIC, VIBRATIONAL, AND GEOMETRIC STRUCTURAL PRELIMINARIES
In order to interpret the results of our experiments that are described in Sec. IV it is useful to present here information on the electronic, vibrational, and geometrical structures of neutral and ionic diacyanocetylene.
A. Electronic structure
Experimental HeI and HeII photoelectron spectra of dicyanoacetylene and assignments reported by Bieri et al. 37 and Asbrink et al. 38 have provided the following successive ionization energies and assigned molecular orbital (M.O.) symmetries corresponding to the ejected electrons: 11.84 eV 2π u , 
B. Geometry
The geometrical structure of neutral dicyanoacetylene has been determined by electron diffraction and coherent Raman spectroscopy. 42 As expected from its electronic structure it is a linear molecule; its bond lengths are r(N≡C) = 1.161 Å; r(C≡C) = 1.198 Å; r(C-C) = 1.367 Å. There are no direct determinations of the bond lengths in the ion but we can compare calculated values of both neutral and ion ground state bond lengths. Table I gives the relevant data. The calculated internuclear distances of neutral dicyanoacetylene ground state in Table I are in good agreement with ex- Table I are sufficiently different from those of the neutral molecule to allow us a valid comparison between the ion and neutral bondlengths. This shows that in going from the neutral to the ion ground state r(N≡C) increases by about 2%-4%, r(C≡C) increases by about 2%-4% and r(C-C) decreases by about 3%, whereas in going to the 1 2 g excited state of the ion r(N≡C) increases by 3%-4%, r(C≡C) remains unchanged and r(C-C) decreases about by 2%-3%.
This comparison of ground state neutral and ion corresponding bondlengths indicates that on ionization CN and CC stretching vibrations are likely to be excited and, furthermore, that the N≡C and C≡C bonds should acquire some measure of double bond character, thus increasing the tendency to linear structure as exemplified in cumulenes.
C. Vibrations
The frequencies of dicyanoacetylene ground state vibrations are well known from IR and Raman studies. 48 Corresponding data for the cation electronic states is known from a variety of optical spectroscopy and photoelectron spectroscopy studies as well as some theoretical calculations. These values, the corresponding references previous to the present study are listed in Table II . Vibrational aspects of the ion electronic states as exhibited in the PEPICO (TIY) and SPES spectra will be discussed below. The vibrational frequencies resulting from our analysis of the SPES spectra, presented below, are also given in Table II .
IV. RESULTS AND DISCUSSION
A. The photoion mass spectra
Photoion mass spectra were observed at selected photon excitation energies between 12 and 20 eV (Figs. 1(a)  and 1(b) ). An additional mass spectrum was measured at E exc = 25 eV but is not shown here. These spectra were obtained with an extraction field such that ions with coincident electrons having more than 0.95 eV kinetic energy will be discriminated, so that for instance the parent ion count will appear to be lower for hν > 12.8 eV since it correlates to the fastest electrons. At E exc = 12 eV the only ions present are the parent ion m/z 76 and the 13 CC 3 N 2 + carbon isotopic ion at m/z 77 (5% relative intensity). At E exc = 16 and 17 eV these ions are accompanied by impurity ions m/z 40 (Ar + ), m/z 32 (O 2 + ), m/z 28 (N 2 + ), and m/z 18 (H 2 O + ) (not shown). On increasing the excitation energy to E exc = 18 eV a very weak signal appears at m/z 48, assigned to the C 4 + ion ( Fig. 1(c) ). This fragment ion is clearly visible at E exc = 18.5 eV ( Fig. 1(d) ). Three new fragment ions, C 2 N + (m/z 38), C 3 N + (m/z 50), and C 4 N + (m/z 62) are observed at E exc = 19 eV ( Fig. 1(e) ). The same set of ions is found at E exc = 20 eV with some changes in their relative signal intensities ( Fig. 1(f) ). More details on the excitation energy dependence of the parent and fragment ion intensities are discussed below. 
B. Slow photoelectron spectroscopy (SPES) of the dicyanoacetylene parent cation: Analysis and assignments
As mentioned in Sec. II, the spectrometer records massselected photoelectron images. These images are then Abel inverted using the pBasex algorithm 54 to yield photoelectron spectra at any and all the photon energies of the scan. The data are displayed in the form of an intensity matrix in Fig. 2 (a) for the C 4 N 2 + parent ion over the 11.5-15.5 eV photon excitation energy region. In such a matrix, the number of e − /i + coincidences (given in a color code) are plotted as a function of electron kinetic energy and photon energy. It carries a wealth of information that can be reduced in different ways. By energy conservation, electrons ejected into the continuum through a direct process will appear as diagonal lines of constant slope (hν -IE i /KE where hν is the photon energy, IE i is the ionization energy of the ith state, and KE is the electron kinetic energy. As described in Ref. 33 , one can now integrate the electron signal along the slope direction up to a certain KE for each photon energy to obtain the SPES, which provides the cation spectroscopy with high electron resolution without compromising the signal to noise ratio. The integration range chosen here (0 < KE < 50 meV) yields an electron resolution of ≈25 meV.
The resulting SPES for the m/z = 76 ion are shown in Fig. 2(b) over the range 11.5-15.5 eV. The same 11.5-15.5 eV bands have previously been observed by a technique analogous to that of SPES, in a photoelectron spectrum recorded with a constant halfwidth band pass of 25 meV. 49 Three spectral regions can be seen between 11.8 and 15.5 eV with the band positions compiled in Table III . Graphical zooms of the regions of interest are given in Fig. 3 which includes band assignments that are presented below. The non-assigned features in Table III and Fig. 3 are very weak and are probably mainly noise produced.
X 2 u ion state region 11.8-13.8 eV
In the first region ( Fig. 3(a) ) there is a strong SPES band peaking at 11.835 eV, FWHM = 155 cm −1 , which can be considered as the vertical ionization energy IE v of dicyanoacetylene and is thus the origin band of the X 2 u ion state and is the first of an apparent progression of 4 bands. The interval of 275 meV (2218 cm −1 ) between the first two bands in this progression is typical of the successive progression intervals and it can be assigned to the ν 1 (C≡N) stretching vibration whose 2210 ± 10 cm −1 ion ground state frequency is best known experimentally from the emission spectra of Maier et al. 49 (Table II) . The ν 2 (C≡C) vibration, whose frequency is 1942 cm −1 , as observed in emission spectra 39, 49 (Table II) , is expected to be excited at 12.076 eV and is indeed present at that energy as a shoulder on a strong band ( Fig. 3(a) ). The changes in the C≡C bondlength on ionization (Table I) will be excited; there are, indeed, some ragged features also in the region where excitation of 2ν 2 (C≡C) should occur. In this first region there are also some other weak, not well-defined broad features. Band intervals of ≈570 cm −1 and ≈1090 cm −1 can be recognised. These can reasonably be considered as vibrational intervals of a progression of the ν 3 (C-C) stretch vibration whose ion ground state value is known to be 570 ± 10 cm −1 in the gas phase (Table II) . Excitation of the bending frequency ν 7 also appears to occur. The SPES in the X 2 u ion state region are very similar to that of HeI PES 39 but a little better resolved and so more amenable to analysis. The geometrical changes on ionization of dicyanoacetylene discussed above indicate that on ionization to the X 2 u ion ground state one would expect to excite progressions in NC and CC stretching vibrations as are indeed revealed by the SPES.
The ion triple state region 13.8-14.4 eV
In the second SPES region, between 13.8 and 14.4 eV ( Fig. 3(b) ) the bands observed are essentially those observed in this region in HeI PES by Baker and Turner 51 and by Maier et al. 39 and which arise by electron ejection from quasidegenerate 4σ g , 3σ u , and 1π g M.O.s. The resulting 1 2 g
2 u + , and 1 2 g electronic states of the ion will be closelying and subject to vibronic coupling. This is of great interest and a source of problems for spectral analysis involving these states. As mentioned above, in the revised the order of the molecular orbitals by Maier et al. 39 the 1π g orbital became the + ion states are thus intimately mixed. We have therefore assigned the SPES band at 13.907 eV (Fig. 3(b) and Table III) (Table III) . These vibrational assignments are compatible with the results of gas phase flu- 47 (Table I) , which neglect effects of vibronic interactions, indicate that on ionization to this state we should expect progressions in NC and CC stretching vibrations.
In contrast to our detailed knowledge of the A origin to the strong SPES feature at 14.178 eV (Fig. 3(b) ). However, we stress that there is no independent assignment of this transition energy; the assignments based on HeI photoelectron spectra depend largely on calculations, in particular Green's function calculations, 39 which are very sensitive to the choice of geometries. Absorption spectra and fluorescence excitation spectra in the gas phase 39 and in the rare gas matrix phase, 50, 52 purporting to be of the A (Table II) signal a strong tendency for cumulene structure of dicyanoacetylene in these electronic states. Much higher spectral resolution and accompanying theoretical computations of the vibronic interactions are necessary for further progress in elucidating the vibrational structures under study.
D 2 u ion state region 14.9-15.2 eV
The third SPES region, between 14.9 and 15.2 eV contains three prominent bands, forming a progression and two very weak features (Fig. 3(c) ). Bands in this region were assigned by Maier et al. 49 to the electronic state D 2 u , with vibrational features. The D 2 u state origin band at 14.979 ± 0.005 eV is followed by a progression of the prominent bands whose successive intervals are ≈ 560 cm −1 . This is undoubtedly the ν 3 (C-C) stretch vibration, given as 590 cm −1 by Baker and Turner 51 (Table II) . The weak features include a band corresponding to excitation of the ν 2 (C≡C) vibration. The D 2 u state origin band is intermediate in energy between the previously reported PES values 14.95 ± 0.01 eV 51 and 15.0 eV. [37] [38] [39] 49 As shown below (Sec. IV C 3) the variation of the quantum defect over the n = 3-9 members of the Rydberg series converging to the D 2 u state of the ion is small (Table IV) 
C. TIY spectra of the dicyanoacetylene parent cation: Analysis and assignments
Integration of all the photoelectron kinetic energies as a function of the photon energy, performed on the photoelectron matrix in Fig. 2(a) , gives the Total Ion Yield (TIY) spectrum of the parent ion plotted in Fig. 2(b) between 11.6 and 15.4 eV and presented in more detail in Fig. 4 for the region 12.2-15.2 eV. We discuss below the analysis of this spectrum.
Ionization energy
From the TIY spectrum of the parent ion C 4 N 2 + at m/z = 76 ( Fig. 2(b) ) we measure an ionization energy IE (C 4 N 2 ) = 11.80 ± 0.01 eV. This is greater than the electron impact value reported by Dibeler et al., 56 IE (C 4 N 2 ) = 11.4 ± 0.2 eV. The latter value must be rejected since it is close to that of acetylene IE(C 2 H 2 ) = 11.40 ± 0.002 eV 57 and would thus imply, incorrectly, that the ejected electron is localised on the 37 and IE (C 4 N 2 ) = 11.81 eV. 51 Since the heat of formation of C 4 N 2 is 533.46 kJ/mol (5.528 eV), 57 our ionization energy therefore leads to a value of the heat of formation of the dicyanoacetylene ion f H(C 4 N 2 + ) = 1672 kJ/mol (17.328 eV).
Autoionisation structures
A series of bands are observed in the TIY spectrum of the parent ion between 12.5 eV and 14 eV, and a second series between 14 and 15 eV (Figs. 2(b) and 4, and Table IV) . These bands must be autoionization features since, as seen in Fig. 2(a) , they occur at fixed photon energies and their electron kinetic energies do not follow lines of constant slope as in direct ionization. We divide the bands into three groups. Band assignments are given in Table IV and in Fig. 4 . The first group, between 12.49 and 12.95 eV (Fig. 4(a) ), has 3 main peaks (Bands 1, 2, and 4, Table IV), forming a progression, based on Band No. 1 as the O 0 0 origin, in a vibration of frequency ν ≈ 1150 ± 50 cm −1 that we suggest is the ν 5 (C-C) antisymmetric stretching vibration, of vibrational symmetry σ u + . This progression is designated as belonging to the V1 transition, probably a valence-shell transition, as discussed in Sec. IV C 4.
The second region (Fig. 4(b) and Table IV) It is of interest to analyse the relaxation pathways by measuring the electron kinetic energy. Figure 5 displays KE projections for the photon energies corresponding to VI and V2 transition bands as well as some Rydberg bands to be discussed later. We first discuss the valence-shell transition electron K.E. spectra. The spectra at specific band excitation energies will contain two components, a background component due to direct ionization and a resonance component due to autoionization. In the latter case the ionizing transition is indirect, in that it now occurs from a superexcited neutral state lying above the ionization energy, instead of directly from the neutral ground state in the case of direct ionization. The V1 transition spectra in Fig. 5(a) are all closely similar to that of the off-resonance case, the latter being due to direct ionization alone and for which the photoelectron spectra show relaxation through the cation ground state ν 1 (C≡N) stretching mode. Indeed, the off-resonance photoelectron spectrum mirrors that of the SPES spectrum in the same energy region (Figs. 2(b) and 3(a) ). Thus the vibronic coupling between resonance levels involving ν 5 (C-C) excitation and the ionization continuum shows no specific peculiarities. On the other hand, Fig. 5(b) , which corresponds to the V2 transition progression in the σ g + ν 3 (C-C) symmetric stretch vibration does exhibit specific differences. The origin band (Band 5) photoelectron spectrum is similar to the off-resonance spectrum but excitation of the ν 3 vibration (Bands 6 and 7) give rise to modifications in vibrational peak widths and intensities in the K.E. spectra. The existence of different vibrational branching ratios indicates that there are specific differences in the processes of vibronic coupling to the ionization continuum in Table IV . See text for description.
the two valence-shell autoionization transitions. Furthermore, the spectral behaviour of the V2 vibronic levels with increasing vibrational excitation may have its origin in an increase in vibrational redistribution in the V2 excited electronic state as the vibrational level density augments. We remark that autoionizations have been used before to probe vibrational states that are otherwise not available through direct ionization due to weak Franck-Condon overlaps. 34 In the second energy region (Fig. 4(b) ), which shows the most intense spectral features, band Nos. 9 and 12 are, respectively, assigned to the O 0 0 bands of Rydberg series R1, n = 3 and R2, n = 4 (Table IV) , as discussed in Sec. IV C 3. The photoelectron spectral profile for band No. 12 ( Fig. 5(d) ) is somewhat broader than that for band No. 9 ( Fig. 5(c) ), which indicates that the autoionization rate is greater for the R2, n = 4 level.
The third region (Fig. 4(c) and Table IV ) starts at 14.092 eV (band 21). It contains a number of bands that appear to be separated by an interval of ≈560 cm −1 , which is of the order of a ν 3 (C-C) vibrational frequency, others by apparent intervals of ≈2580 cm −1 , which appears too high for a dicyanoacetylene vibrational frequency. We can subdivide this region into two sub-regions: (i) 14.09-14.4 eV and (ii) E exc > 14.4 eV. The first sub-region contains features (Band Nos. 21, 22, and 23), which form a progression with intervals of ≈560 cm −1 . In the second sub-region a similar progression in ν ≈ 560 cm −1 is observed in band Nos. 25, 26, and 27. At higher energies there are several band intervals of ≈560-600 cm −1 . As discussed below, many of these bands can be assigned to Rydberg series.
Rydberg transitions
As mentioned above, these m/z 76 TIY bands must be autoionization features. Many do not immediately appear to be Rydberg features and bear no obvious relation to some of the ionization limits of dicyanoacetylene, as shown by several attempts that we made to construct Rydberg series converging to the A 2 g of the ion at 13.91 eV. The existence of three close-lying interacting ion states in the A 2 g region 39, 41 creates difficulties in determining Rydberg series converging to ion states in this energy region.
The bands tend to peter out in intensity at about 15 eV, where the D 2 u state origin lies (Fig. 2(b) and Table IV ) and we were able to assign a considerable number of bands to two Rydberg series, R1 and R2, converging to this excited ion state, with series limits corresponding to the D (Tables III and IV) . Quantum defects (δ) were determined using the standard relation T(n) = I -R/(n − δ) 2 , where T(n) is the energy of the spectral term whose principal quantum number is n, the Rydberg constant R = 13.606 eV and I = 14.979 eV is the energy of the D Table IV for the origin bands of each member of the Rydberg series.
The vibrational progressions in the ν 3 (C-C) stretch vibration in the Rydberg series mimic those in the SPES spectra of the D 2 u state (Fig. 3(c) ), consistent with our Rydberg series interpretation. It is notable that this differs from the bands in the Fig. 4(a) region, which exhibit a progression in ν 5 (Table IV) and so is consistent with the bands in this region being associated with valence shell transitions, as discussed below.
The photoelectron spectra derived from Fig. 2 (a) are shown in Fig. 5(c) for selected photon energies corresponding to the origin bands, i.e., the vibrationless levels, of the R1 Rydberg series n = 3-9 (Band Nos. 9, 21, 25, 28, 30, 32, and 33). The spectra are nearly identical for n ≥ 5, so that we expect the various neutral states responsible for these TIY features to be of similar geometry, consistent with a Rydberg series. The n = 4 and in particular the n = 3 photoelectron spectra show considerable differences in vibrational branching ratios with respect to the n ≥ 5 levels. This is not surprising for n = 3 levels which often show anomalous spectroscopic behaviour, sometimes due to mixing with valence states.
In Fig. 5(d) are shown photoelectron spectra for R1 Rydberg levels in which one quantum of the ν 3 (C-C) stretch vibration is excited. The spectra are similar to those of the corresponding n O 0 0 levels. Photoelectron spectra of the R2 Rydberg series are shown in Fig. 5(e) for the levels n = 4 and 5. They exhibit considerable differences in vibrational branching ratios, as well as those for corresponding n values in the R1 Rydberg series (Fig. 5(c) Our assigned R1 Rydberg series n = 3-9 have quantum defects in the range 0.08-0.18, while for the R2 Rydberg series n = 4, δ = 1.03 and n = 5, δ = 0.92 (Table IV) . The R1 series most probably corresponds to states derived from nd electrons, giving rise to transitions such as 1π u 3 1π g 4 3σ u 2 4σ g 2 1π u 4 (ndπ g )
+ . Concerning the R2 series we do not observe any bands for n > 5. This could be because the higher n levels of this series are predissociated, so that the corresponding ion resonance signal would be lost and also because some of bands of the higher levels could overlap with those of the R1 series. The values of the quantum defects point to an assignment of the R2 series to nsσ g + . An alternative assignment of the two bands of the R2 series bands could be, respectively, to n = 3, δ = 0.03 and n = 4, δ = −0.08. This would also imply an nd series such as ndπ g or ndδ g but for these one would expect quantum defects greater than for ndσ g + . In order to check our assignment of the R2 series to nsσ g + we calculated the probable energy of a n = 3, δ = 1, Rydberg transition. The calculated value is 11.577 eV (93 378 cm −1 ). This is below the first ionization energy. However, Connors et al. 58 in a study of the VUV spectroscopy of dicyanoacetylene, observed absorption between 2000 and 1050 Å (6.2-11.8 eV), i.e., up to the first ionization energy. They used He pressure effects on the spectra, which permit distinguishing Rydberg from valence shell transitions. J. Chem. Phys. 139, 184304 (2013) The bands below 74 000 cm −1 (9.18 eV) were shown to be all due to valence transitions. In addition, a Rydberg series to the X 2 u ground state of the dicyanoacetylene ion was identified, with a quantum defect δ = 0.1 (nd) or 1.1 (ns). Figure 5 of the publication of Connors et al. 58 shows the absorption spectrum of dicyanoacetylene up to the ionization limit. Examination of this spectrum revealed the existence of an unassigned absorption feature whose maximum, measured from the figure, is at 93 190 cm −1 (11.554 eV). This feature could therefore correspond to an n = 3 transition whose δ = 1.01 and therefore to an ns Rydberg series. Spectral absorption studies in the 11-15 eV region could clarify the nature of the Rydberg transitions in this spectral region.
Valence shell transitions
Useful information pertaining to valence shell transitions relative to the TIY spectra can also be obtained from the study of Connors et al. 58 Connors et al. carried out molecular orbital calculations of dicyanoacetylene valence shell transitions 29 300-105 100 cm −1 (3.63-13.03 eV), using the CNDO/2 method. In the energy region above the first IE there are calculated to be 3 intense transitions of interest, all to excited These valence shell transitions (V) are possibly responsible for at least some of the m/z = 76 TIY bands we see in the 12.5-14 eV region and that have not been assigned to Rydberg states, in particular the bands indicated as V1 and V2 transitions.
Further work is required in order to deepen our analysis of the autoionizing features in the TIY spectra. In particular, more sophisticated calculations of the high energy valence transitions of C 4 N 2 are necessary, as well as high resolution absorption spectra of dicyanoacetylene in the 11-15 eV region which would help to sort out features arising from autoionization and direct ionization and enable us to clarify and confirm the Rydberg transitions. These are planned for future studies.
D. Fragmentation of C 4 N 2
+
Fragments originating from dissociative ionization of C 4 N 2 + are formed with low yields below 20 eV, typically on the order of a few percent with respect to the parent ion (cf. Fig. 1(b) ). We note however that slow dissociation (i.e., slower in rate relative to the residence time of the parent in the ion acceleration regions which are 1.7 μs for ε = 95 V/cm, and 0.9 μs for ε = 572 V/cm, respectively) might lower the apparent fragment yield. In the following, we discuss the spectra of fragment ions in descending order with respect to their m/z. Note that the obtained fragment ion appearance energies (AEs) correspond to effective thermochemical energy values. As has been discussed in more detail earlier by Gaie-Levrel et al. 59 there are three main factors for the possible difference between the effectively measured AE and the 0 K value: (i) the limited detection sensitivity, (ii) the thermal energy stored in the parent neutral, (iii) fragmentation dynamics (possible activation barriers, formation of vibrationally excited fragments) also influence the effective AE and might lead to a substantial energy shift, E, yielding a too-high AE value. The magnitude of E is difficult to determine with the current experimental setup, or estimate with statistical models based on the existence of a transition state, and therefore is beyond the scope of this work. In the present molecular beam experiment, the expected low temperature (∼40 K) should, however, provide a value closer to the AE 0K than room temperature experiments. Chupka 60 has suggested that compensatory effects between kinetic shift and temperature-determined internal energy may lead to appearance energies that reflect reasonably well their 0 K values. We consider that this is most likely to be applicable to simple bond ruptures in cases where the activation energy is small (≤1.5 eV), corresponding to a relatively low density of vibronic states in a small ion, i.e., to conditions which do not apply to dissociative photoionization processes in dicyanoacetylene. The ion yield curve of m/z = 62 is has a weak signal (not shown) but sufficient to determine the appearance energy of the C 4 N + ion, AE(C 4 N + ) = 18.6 ± 0.1 eV, which is compatible with the electron impact value, AE(C 4 N + ) = 18.8 ± 0.5 eV of Dibeler et al. 56 Since IE(C 4 N 2 ) = 11.80 ± 0.01 eV, the dissociation energy D(C 4 N + + N) = 6.8 ± 0.1 eV (656 kJ/mol), assuming a simple bond rupture. This is close to the dissociation energy for the analogous chan- The m/z = 50 ion yield curve ( Fig. 6(a) ) gives AE(C 3 N + ) = 18.7 ± 0.1 eV, which is higher than the AE = 18.4 ± 0.2 eV of the Dibeler et al. electron impact study. 56 We note that our value corresponds to an upper limit as has been discussed at the beginning of Sec. IV D. In addition, as can be seen from Fig. 1(e) , the C 3 N + mass peak overlaps with the broad C 4 + mass peak so that the real onset of the C 3 N + ion has been extracted through the deconvolution procedure described in Appendix A. Our AE must therefore be considered with caution. The dissociation energy, assuming a simple bond rupture with no energy barrier, is D(C 3 N + + CN) = 6.9 ± 0.1 eV (665 ± 10 kJ/mol). This is greater than the corresponding D(C 3 N + CN) = 5.34 eV (515 ± 6 kJ/mol) 62 for neutral dicyanoacetylene, reflecting the tendency towards a cumulene carbon-carbon structure in the ion, as discussed above. From our AE for this fragment ion we calculate f H(C 3 N + ) = 19.7 ± 0.1 eV (1901 ± 10 kJ/mol); Dibeler et al. give 20.055 eV (1935 kJ/mol); 56 Harland and Maclagan 63 and Holmes et al. 64 give 19.17 eV (1850 kJ/mol) for the heat of formation of a triplet state isomer of C 3 N + .
C 4 N 2 + hν
The yield curve of this ion has an experimental AE(C 4 + ) = 18.09 ± 0.15 eV (Fig. 6(b) ). We have calculated an AE = 17.07 ± 0.70 eV (see Appendix B). Our PI MS (Fig. 1(c) ) shows that C 4 + is already present at E exc = 18 eV, from a magnified vision of the m/z = 48 region of the E exc = 18 eV mass spectrum. We note that an electron impact AE(C 4 + ) = 17.2 ± 0.2 eV is reported by Dibeler et al. 56 Our photon impact AE value is higher than the thermochemical and electron impact AE(C 4 + ) values, by about 1 and 0.9 eV, respectively. One possible explanation for this could be that the C 4 N 2 + hν → C 4 + + N 2 reaction actually corresponds to a metastable decay which can be subject to a substantial E kin as discussed above. This is supported by the asymmetry of the C 4 + mass peak seen at 18.0 and 18.5 eV (Figs. 1(c) and 1(d) , resp.). We have attempted to model this asymmetric tail by numerical raytracing simulations and found values for the unimolecular fragmentation rate constant of k = 1.5 × 10 6 s −1 at 18 eV, and 2.8 × 10 6 s −1 at 18.5 eV. We consider that these constants are reasonably high -93% fragment detection at 18.0 eV -yielding a small kinetic shift on the effective AE.
The loss of N 2 indicates that there is a cyclic intermediate. The fact that the experimental AE is relatively close to the thermochemical value shows that the activation energies involved are small. The process of ejection of N 2 via cyclic intermediates has been explored in metastable dissociation studies of dicyanoacetylene. 65 We remark that the asymmetry of the m/z 48 ion signal, in particular at E exc = 18.5 eV, just above the appearance threshold ( Fig. 1(c) ), is typical of a metastable dissociation.
We note that from our electron spectroscopy study there is no sign that a bending vibration is excited on ionization of C 4 N 2 . To check this point it would be worthwhile to do some higher resolution PES studies on dicyanoacetylene. In addition, some theoretical potential energy surface studies to plot out the dissociation channel C 4 + + N 2 would be useful. For this fragment ion the yield curve gave AE(C 2 N + ) = 18.60 ± 0.15 eV (Fig. 6(c) ). This is higher than, but not incompatible with, the electron impact value reported by Dibeler et al. AE = 18.1 ± 0.4 eV, 56 given the 400 meV error limit of the latter. From AE(C 2 N + ) we determine a value for the dissociation energy of the central C≡C bond as 6.8 eV (656 kJ/mol), assuming a simple bond rupture with zero energy barrier. This is much greater than the CC bond energy value 5.16 eV (493 kJ/mol) quoted by Dibeler et al. for the C 4 N 2 → C 2 N + C 2 N neutral dissociation process. This increase in the central CC bond energy on ionization is not consistent with the concomitant lengthening of the C-C bondlength (Table I) and it calls into question the bond energy in the neutral molecule or the possible existence of an energy barrier in the dissociative ionization process, perhaps associated with an isomerisation of CCN (+) to CNC (+) . In order to determine the heat of formation of C 2 N + from our AE value it is necessary to know the heat of formation of the other product, neutral C 2 N. This is given as f H(C 2 N) = 556 kJ/mol, 64, 66 but it is not known whether this refers to CCN or to CNC. 64 Dibeler et al. estimate a value f H(C 2 N) = 514 kJ/mol, based on various heats of formation values known in 1960, but do not specify the structure of the C 2 N radical. On the assumption that it is CCN, and with the f H(C 2 N) = 556 kJ/mol 64, 65 19.9 ± 1 eV dependent on whether the neutral product is CNN or NCN. In their electron impact study Dibeler et al. 56 observe AE (C 3 + ) = 24.6 ± 0.5 eV, assigned to the triple product process C 4 N 2 + hν → C 3 + + CN + N. We calculate a thermochemical AE (C 3 + ) = 24.4 ± 1.0 eV for this process, in excellent agreement with the Dibeler et al. appearance energy for this fragment ion. We observe the N 2 + ion at m/z = 28 but at its onset energy, 15.58 eV, it is obviously from an air impurity. It is not possible to determine whether the m/z = 28 includes a contribution from the C 4 loss channel. A thermochemical calculation predicts AE(N 2 + ) = 20.12 ± 0.35 eV as the lowest possible appearance energy for this channel. There is no electron impact report for this channel. 56 The m/z = 28 ion is not present in the electron impact mass spectra of dicyanoacetylene presented in the NIST collection. Dibeler et al. report an electron impact AE(C 2 + ) = 18.5 ± 0.3 eV. 56 We observe a weak signal at this mass at E exc = 20, 19.5, and 19 eV (not shown) but not at 18.5 eV, nor at 25 eV. We can therefore give an experimental AE(C 2 + ) = 18.75 ± 0.25 eV. The thermochemical calculation value is AE(C 2 + ) = 18.37 eV, in agreement with the Dibeler et al. and our observations. In their electron impact study Dibeler et al. observe AE(N + ) = 26.0 ± 1.0 eV and tentatively propose the triple product channel. 56 In our photoionization study we did not observe this ion up to and including E exc = 25 eV. We calculate a thermochemical value AE(N + ) = 27.08 eV for this triple product process, which is compatible with the observed appearance energy although it would correspond to an unlikely zero energy barrier process. We also made a thermochemical calculation of the N + appearance energy for the binary product process C 4 N 2 + hν → N + + C 4 N. The value obtained, AE(N + ) = 20.66 eV is about 6 eV below the electron impact AE, which is rather large. We suggest that the AE(N + ) = 26.0 ± 1.0 eV observed by Dibeler et al. is due to an unacknowledged nitrogen impurity (no ion signal at m/z = 28 (N 2 + ) was reported in their study). The process N 2 + hν → N + + N has an appearance energy AE(N + ) = 24.34 eV. Dibeler et al. observed AE(C + ) = 24 ± 1 eV in their electron impact study. 56 It was not observed in our photon impact mass spectra at E exc = 25 eV. Dibeler et al. tentatively propose the binary product process C 4 N 2 + hν → C + + C 3 N 2 . A thermochemical calculation for this process is not possible since a value of f H(C 3 N 2 ) is lacking. We calculated the thermochemical value AE(C + ) = 21.65 eV for a triple product process C 4 N 2 + hν → C + + C 3 + N 2 , which is not incompatible with the electron impact AE(C + ) = 24 ± 1 eV.
V. CONCLUDING REMARKS
Dicyanoacetylene and its ions are important species whose presence in astrophysical sites is expected or observed. In particular these species play a role in the atmosphere of Titan where they are subject to charged particle and photon irradiation. The effects of VUV radiation on dicyanoacetylene were studied using synchrotron radiation combined with electron/ion coincidence techniques over the excitation range 8-25 eV. A detailed analysis of the SPES spectrum in the 11.5-15.5 eV excitation energy region was carried out. The X 2 u ground state of the cation shows an onset at IE ad = 11.80 eV in the TIY spectrum, in reasonable agreement with previous PES values, and exhibits vibrational components in the SPES spectra in the 11.8-13.8 eV region which involve the ν 1 (N≡C), ν 2 (C≡C), ν 3 (C-C) and ν 7 (bend) frequencies. Analysis of SPES features in the 13.8-14.4 eV spectral region provides new aspects and new assignments of vibrational components to the excited quasi-degenerate A + . Some aspects of the autoionization processes were monitored via photoelectron kinetic energy spectra measured at a number of specific photon excitation energies.
The appearance energies of the fragment ions C 4 N + , C 3 N + , C 4 + , and C 2 N + were measured and their heats of formation were determined and compared with existing literature values. Thermochemical calculations of the appearance potentials of these and other weaker ions were used to infer aspects of dissociative ionization pathways. Particular problems of calculating thermochemical appearance energies arise in the case of the C 4 + and C 2 N + ions and are discussed in detail.
Theoretical calculations are required in order to refine our spectroscopic results involving valence shell and Rydberg transitions, as well as some of the observed dissociative ionization processes. We hope that the present study will encourage useful computational activity on these questions.
Concerning astrophysical implications of our results, we remark that the dicyanoacetylene cation is very stable under VUV irradiation. The first dissociative ionization process occurs at about 18 eV, i.e., at over 6 eV above the ionization energy, and about 4.4 eV above the astrophysical H I energy upper limit, 13.6 eV. Thus if C 4 N 2 is formed in HI regions of the interstellar medium (ISM) it should have no tendency to undergo dissociative ionization in these regions. Indeed, the partial cross-sections for the dissociative photoionization processes are at most only a few percent of that of the parent ion up to 19 eV. We remark also that using the rule of thumb 67 concerning the quasi-linearity of the ionization quantum yield i as a function of excitation energy in a range up to ≈9.2 eV above the ionization energy, where i becomes ≈100%, we can determine that the ionization quantum yield of dicyanoacetylene will be about 67% at 18 eV, so that about 33% of the photon excitation will be to superexcited states at this energy. These superexcited states can undergo a variety of relaxation processes, including autoionization, dissociative autoionization and neutral dissociation. They can also play a role as reaction intermediates or collision complexes in electron-ion recombination, electron attachment and Penning ionization. 68 At E exc = 15 eV, below the dissociative ionization threshold, the total ionization cross-section is 6 × 10 −18 cm 2 ( Fig. 2) . At this photon excitation energy we can estimate from the rule of thumb that the ionization quantum yield is about 35%, so that we can predict an absorption cross-section of 17.1 × 10 −18 cm 2 at 15 eV. We plan to carry out VUV absorption measurements on dicyanoacetylene in the 15 eV region at the earliest possible opportunity in order to verify these prognostics.
One striking result of our study concerns the relative photoionization cross-sections of diacetylene and dicyanoacetylene. At a comparable 4 eV energy above the ionization energy of diacetylene, and equally below the initial dissociative ionization energy of C 4 H 2 , its ionization cross section is ≈15 × 10 −18 cm 2 , 3 i.e., about 2.5 times the corresponding 6 × 10 −18 cm 2 value for dicyanoacetylene. The cross-sections of the strong Rydberg features in the corresponding TIY curves are also about 2.5 times greater in C 4 H 2 3 than in C 4 N 2 . Furthermore, it is striking that for the similarly related species acetylene and cyanogen, the calculated partial channel (ion ground state) photoionization cross-section for C 2 H 2 69 is also 2-2.5 times greater than for C 2 N 2 70 up to 40 eV. Since the absorption cross-sections in the 15 eV region are roughly similar for acetylene [71] [72] [73] and cyanogen, 74 the difference in photoionization cross-sections in this energy region must be related to the ionization quantum yield which, according to the rule of thumb (which will only be a coarse-grained relation for these small species, neglecting shape resonances), will be greater by about a factor of 2.2 for acetylene with respect to cyanogen at 15 eV. Absorption studies of diacetylene and dicyanoacetylene in the 15 eV region are required in order to elucidate their relative photoionization cross-section behaviours.
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APPENDIX A: EXTRACTION OF C 3 N + ION YIELD CURVE
As discussed in Sec. IV B 2, the asymmetric tail due to the metastability of the C 4 + peak overlaps with the adjacent C 3 N + . Therefore, a deconvolution procedure has been applied to extract the true ion yield of C 3 N + . The C 4 + peak has been modelled with a Gaussian function convoluted with an exponential decay, while only a Gaussian has been used for the C 3 N + peak. The function coefficients are then extracted via weighted least-squares fitting of this model to the experimental TOF, and the C 3 N + ion yield obtained as the surface under its Gaussian function. An example of such a fit is shown in Fig. 7 . Due to the low fragment signals, the fit has not been performed at each scan photon energy, so that each data point in Fig. 6(a) corresponds to the integration of ten scan points. The TOF temporal resolution had to be also decreased by ten to further increase the statistics. geometrical forms. 75, 76 Two isomers are known experimentally, a linear form and a rhombic form, of similar stabilities, and at least two other higher-lying isomers could exist. 77 The calculations of Kosimov et al. 78 indeed showed the possible existence of five different geometrical structures. From an examination of the results of the various calculations by the various authors quoted in Ref. 78 , we conclude as most probable that the linear and rhombic forms of C 4 are quasiisoenergetic, with the linear form being marginally more stable. The C 4 + ion is thus also capable of existing in several geometrical forms. 79 A heat of formation value f H (C 4 ) = 971 ± 33 kJ/mol is given by Lias et al. 65 but whether this refers to the linear or the rhombic structure is not specified. The ionization energy value IE(C 4 ) = 12.54 ± 0.35 eV 57 was determined by Ramanathan et al. 80 by charge transfer bracketing. An earlier electron impact measurement of the ionization of carbon vapour gave IE(C 4 ) = 12.6 eV. 81 However, the results of some theoretical calculations on various C 4 isomers suggest 1-2 eV lower values of the ionization energy. 79 From the NIST thermochemistry data and the reported experimental IE(C 4 ) = 12.54 ± 0.35 eV, we calculate that the appearance energy of C 4 + would be 17.07 ± 0.35 eV in the case of the dissociative photoionization of C 4 N 2 , which is compatible with our experimental value, AE(C 4 + ) = 18.09 ± 0.15 eV. The structures of neutral and cationic C 4 involved in these experiments and in the thermochemical calculations on this dicyanoacetylene dissociative ionization channel remain to be determined more precisely.
